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CLUTCH FILL VOLUME LEARNING
STRATEGY FOR TRANSMISSION CONTROL

FIELD

The present mnvention relates to transmission control sys-
tems, and more particularly to a clutch fill volume learming,

strategy for transmission control systems.

BACKGROUND

Due to relatively high instances of system inertia and delay
in automotive transmissions, exclusively using feedback con-
trol of various components 1n automotive transmissions may
not be suflicient for certain transient schemes. In such tran-
sient cases, feedforward control may be used to anticipate
system changes. For example, mixed feedforward and feed-
back control can be used for a smooth upshiit in an automatic
transmission without causing significant “feel” 1ssues for the
driver, thereby improving overall shift quality.

An upshift operation 1n an automatic transmission typi-
cally involves a first clutch (or releasing element) that disen-
gages from a first gear while a second clutch (or applying
clement) engages a second gear. A third clutch remains
engaged during the upshiit operation. Therefore, at least two
clutches are typically engaged during each gear level of an
automatic transmission. For example, an upshiit in a 4-speed
automatic transmission may be a 1-2 shiit, a 2-3 shift, and/or

a 3-4 shitt.

Referring now to FIG. 1, clutches in automatic transmis-
s1oms are typically actuated by pressure from fluid such as oil.
Oil fills the clutch cavity including a piston and displaces the
piston to engage the clutch. Automatic transmission systems
also typically include accumulators 10 for each clutch. As o1l
f1lls the cavity including the clutch it also fills the accumulator
10. The accumulator 10 includes a spring 12 that 1s com-
pressed when a piston 14 in the accumulator 10 1s displaced
by pressure from the o1l. The o1l begins to displace the piston
14 after all of the empty space in the accumulator 10 1s filled
with o1l and the pressure of the oil increases. Therelore,
accumulators 10 reduce the sensitivity of torque variations
during the torque phase of an upshatt.

A solenoid controls the flow rate of 01l to the accumulator
10 and the associated clutch. The duty cycle of a control
signal applied to the solenoid determines the fraction of time
during which the solenoid valve 1s open or closed. Thus, the
solenoid controls the flow rate and ultimately the pressure of
the o1l. Also, the accumulator 10 makes the pressure response
slower and more difficult to predict. The calculated volume of
o1l present 1n the accumulator 10 at a grven time 1s an indicator
of the capacity of the clutch at that time. Therefore, the
calculated volume can be used for control purposes.

However, the calculated volume may vary throughout the
life of the transmission due to wear of the clutch and/or other
factors. Transmission control systems have been developed
that adjust the duty cycle of the solenoid over the operating
life of the transmission to thereby account for changes 1n the
system and to maintain smooth shifting. For instance, appli-
cant’s patent application, enftitled “TARGET VOLUME
BASED TORQUE PHASE CONTROL DURING
UPSHIFT”, Ser. No. 11/222,066, filed Sep. 8, 2005, discloses
such a system. Applicant’s patent, entitled “MODEL BASED
KICKDOWN SHIFT METHOD FOR CLUTCH TO
CLUTCH SHIFT TRANSMISSIONS WITH ACCUMULA-
TORS”, U.S. Pat. No. 6,978,201, which 1ssued Dec. 20, 2003,

also discloses such a system.

10

15

20

25

30

35

40

45

50

55

60

65

2

The fill volume (1.e., the volume of o1l at which an applying
clement begins to produce torque during a shift) of each
clutch 1s used by the control logic of these systems to effec-
tuate gear shifts. However, the fill volumes can vary over the
lifetime of the vehicle due to wear and/or other factors. As a
result, gear shifting may be detrimentally aifl

ected due to
inaccurate fill volume values stored in memory in the system.
Accordingly, there remains a need for a means of accurately
measuring updating stored values of the fill volume of a
transmission.

SUMMARY

A first object of the present invention provides a transmis-
s1on control system for a transmission including a first gear
engagement element that receives a fluid and engages a first
gear 1n response to pressure from the fluid. The system
includes an electromagnetic actuator that receives a control
signal and that selectively interrupts flow of the fluid to the
first gear engagement element based on a value of the control
signal. The system also 1ncludes a control module that gen-
crates the control signal and that adjusts the value of the
control signal so that the first gear engagement element pro-
duces a first torque suilicient to hold the first gear. The control
module detects a target volume of the fluid when the first gear
engagement element produces the first torque. Also, the con-
trol module extrapolates a current {ill volume (i.e., the volume
at which the first gear engagement element begins to produce
torque during a shift) of the first gear engagement element
from the target volume.

In another aspect, the present invention provides a trans-
mission control system for a transmission including first and
second gear engagement elements that receive fluid and
engage lirst and second gears, respectively, in response to
pressure ifrom the fluid. The transmission control system
includes an electromagnetic actuator that receives a control
signal and that selectively interrupts flow of the fluid to the
first gear engagement element based on a value of the control
signal. The system also includes a control module that gen-
crates the control signal and that adjusts the value of the
control signal so that the first gear engagement element pro-
duces a first torque suilicient to hold the first gear during an
upshift. The control module detects a target volume of the
fluid when the first gear engagement element produces the
first torque. Also, the control module extrapolates a current
{11l volume of the first gear engagement element from the
target volume. In addition, the control module detects a cur-
rent fill volume of the second gear engagement element by
detecting a current volume of the fluid recetved by the second
gear engagement element when the second gear engagement
clement begins to produce torque during a downshiit. The
control module only extrapolates the current fill volume of the
first gear engagement when either the position of the throttle
blade 1s less than a predetermined value or the transmission
input torque 1s less than a predetermined value.

In still another aspect, the present imvention provides a
method for operating a transmission control system for a
transmission including a first gear engagement element that
receives tluid and engages a first gear in response to pressure
from the fluid. The method 1ncludes the step of selectively
interrupting flow of the fluid to the first gear engagement
clement based on a value of a control signal. The method also
includes the step of adjusting the value of the control signal so
that the first gear engagement element produces a first torque
suificient to hold the first gear. The method turther includes
the step of detecting a target volume of the tluid when the first
gear engagement element produces the first torque. In addi-
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tion, the method includes the step of extrapolating a current
f1ll volume of the first gear engagement element from the
target volume.

Further areas of applicability of the present disclosure will
become apparent from the detailed description provided here-
inafter. It should be understood that the detailed description
and specific examples are mtended for purposes of 1llustra-
tion only and are not intended to limit the scope of the dis-
closure.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure will become more fully understood
from the detailed description and the accompanying draw-
ings, wherein:

FIG. 1 illustrates an exemplary accumulator for an auto-
matic transmission according to the prior art;

FIG. 2 1s a functional block diagram of an automatic trans-
mission control system for a vehicle including a control mod-
ule that communicates with vehicle sensors according to an
exemplary embodiment of the present invention;

FIG. 3 1llustrates an automatic transmission system includ-
ing clutches that are engaged and disengaged during gear
shifts according to an exemplary embodiment of the present
invention;

FIG. 4 1s a graph illustrating turbine speed and torques
exhibited at a plurality of components 1n an automatic trans-
mission as a function of time and during an upshift operation
according to an exemplary embodiment of the present mnven-
tion;

FIG. 5 1s a graph 1llustrating accumulator volume and a
duty cycle of a solenoid as a function of time during an upshiit
operation according to an exemplary embodiment of the
present invention;

FIG. 6 1s a flowchart illustrating steps performed by the
control module of FIG. 2 to execute an upshift operation and
utilize target volume torque phase control according to an
exemplary embodiment of the present invention;

FIG. 7 1s a graph illustrating the relationship between
throttle position and volume in a clutch hydraulic system
according to an exemplary embodiment of the present inven-
tion;

FI1G. 8 1s a graph illustrating a downshiit of a transmission
according to an exemplary embodiment of the present mnven-
tion; and

FIG. 9 1s a flowchart illustrating a method of {ill volume
learning for a transmission control system according to an
exemplary embodiment of the present invention.

DETAILED DESCRIPTION

The following description 1s merely exemplary 1n nature
and 1s 1n no way intended to limit the scope of the disclosure,
its application, or uses.

Upshiit operations are commonly divided into a torque
phase and an 1inertia phase. During the torque phase of an
upshift, a change 1n turbine speed typically does not occur.
The torque of the releasing element decreases to zero from an
initial capacity, and the torque of an applying element picks
up the entire load. Since the applying element provides less
leverage, the output torque decreases when the applying ele-
ment picks up the entire load. A mismatch in capacity
between the releasing and applying elements can result in
unstable operation. For example, if the releasing element
disengages too soon, turbine speed tlare and bump-along may
occur. When bump-along occurs an applying clutch that
applies too slowly may disengage and attempt to reengage
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until turbine speed flare 1s suppressed, which can cause
vehicle shudder. When turbine speed flare occurs, a power
flow disruption exists between the input and output of the
transmission, the engine speed quickly rises, and output
torque drops.

Additionally, 11 the applying element applies too soon,
three clutches may be engaged at the same time, acting as a
brake. Therefore, the torque phase 1s a critical part of the
upshift, and precision control of automatic transmission com-
ponents 1s essential for desirable shift quality. For example,
transmission control systems determine when to shift and
control the timing of applying and releasing clutches in order
to ensure smooth shift transitions.

Target volume torque phase control according to the
present imnvention 1s proposed to accurately control the duty
cycles of solenoids so that the transition from torque phase to
inertia phase 1s smooth, bump free, and completed within a
predetermined time period. The present invention uses a
model-based approach to identify speed and torque dynamics
for each transmission element during transmission shiit
operations. Target volumes of accumulators required for an
associated clutch to produce torque necessary to hold gear are
computed and updated as necessary.

Since the dynamics of the transmission change with differ-
ent speed and acceleration, the target volumes are stored and
updated with respect to a current position of the throttle blade
when the mertia phase begins. The control module computes
continuously variable duty cycles for the solenoids that are
utilized during the torque phase based on the stored target
volumes so that upshiit operations remain stable as condi-
tions of the transmission change over time.

Referring now to FIG. 2, an automatic transmission control
system 22 includes an engine 24, an automatic transmission
26, and a control module 28. The engine 24 receives air
through an 1nlet 30, and the air mixes with fuel 1n cylinders of
the engine 24. The air/fuel mixture 1s 1ignited 1n the cylinders
to generate rotational power on an engine shaft. The engine 24
drives the transmission 26 through a torque converter 32, and
the transmission 26 drives a vehicle through a gear ratio. The
control module 28 communicates with various sensors and
controls gear shifting in the transmission 26. For example, an
engine speed sensor 34 1 the engine 24 generates an engine
speed signal and transmits the engine speed signal to the
control module 28. A turbine speed sensor 36 1n the transmis-
sion 26 generates a turbine speed signal and transmits the
turbine speed signal to the control module 28.

An output speed sensor 38 in the transmission 26 generates
an output speed signal and transmits the output speed signal to
the control module 28. A throttle blade 40 1n the inlet controls
a flow rate of air to the engine 24. A position of the throttle
blade 40 typically relates to a desired speed and/or accelera-
tion of the vehicle by the driver. The control module 28
communicates with a throttle control module 42 1n order to
detect and/or adjust a position of the throttle blade 40. For
example, the throttle control module 42 may include a throttle
position sensor and/or an electronic throttle controller.

A flmd delivery system 44 1n the transmission 26 delivers
o1l to a clutch 46 and an accumulator 48 during shift maneu-
vers. For example, the fluid delivery system 44 may include a
sump with o1l, a pump, and/or other hydraulic system com-
ponents. A fluid temperature sensor 50 in the fluid delivery
system 44 generates a tluid temperature signal and transmuits
the fluid temperature signal to the control module 28. A line
pressure sensor 52 in the transmission 26 generates a line
pressure signal and transmits the line pressure signal to the
control module 28. An electromagnetic actuator, such as a
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solenoid 54, 1s located between the fluid delivery system 44
and the clutch 46 and accumulator 48.

The solenoid 54 selectively interrupts the flow of o1l to the
clutch 46 and accumulator 48 1n response to the duty cycle of
an applied control signal 56. Therefore, the solenoid 54 con-
trols the flow rate and pressure of the oil delivered to the
clutch 46 and accumulator 48. The control module 28 gener-
ates the control signal 56 and transmits the control signal 56
to the solenoid 54. While a single clutch 46 1s 1llustrated in
FIG. 2, those skilled in the art can appreciate that the trans-
mission 26 icludes multiple clutches 46 that are selectively
engaged and disengaged in order to shiit between gears.

As the accumulator 48 fills with o1l, the volume of the
accumulator 48 varies, which changes the clutch pressure
based on the accumulator spring rate. The control module 28
determines the torque required by the transmission element
clutches 46 to keep the transmission 26 1n gear. In an exem-
plary embodiment, the control module 28 determines the
required torque based on engine speed, accumulator volume,
input torque from the turbine, inertia of the engaged elements
46 1n the transmission 26, and output acceleration of the
transmission 26. The control module 28 also computes a
continuously variable duty cycle of the control signal 56 for
the solenoid 54. In an exemplary embodiment, the control
module 28 computes the duty cycle based on the relationship
between the torque and pressure of the individual element
clutches 46 as well as the relationship between accumulator
pressure and accumulator volume change.

Referring now to FIG. 3, upshiit operations are controlled
based on target volume control and continuously variable
solenoid duty cycles. An exemplary automatic transmission
60 includes planetary elements 61 and 62 and element
clutches 70,72, 74,76, and 78. Planetary element 61 1includes
sun gear 63, ring gear 64, and carrier 65, and planetary ele-
ment 62 includes sun gear 66, ring gear 67, and carrier 68.
One or more of the clutches 70, 72, 74, 76, and/or 78 interact
with one or more of the planetary elements 61 and/or 62 in
order to select a gear ratio of the transmission 60. For
example, when clutch 70 1s in contact with sun gear 66 and
clutch 78 is in contact with carrier 65 and ring gear 67, 1% gear
is selected. However, in order to select 27¢ gear, clutch 70
must be 1n contact with sun gear 66 and clutch 76 must be 1n
contact with sun gear 63. Therefore, 1n order for the transmis-
sion 60 to upshift from 1% gear to 2¢ gear, clutch 78 must
release carrier 65 and ring gear 67 and clutch 76 must be
applied to sun gear 63.

In any particular upshift, the element clutches 70, 76, and
78 that are releasing are referred to as releasing element
clutches, and element clutches 72 and 76 that are applied
during an upshiit are referred to as applying element clutches.
Hereinatter, all references to the releasing element refer to
clutch 78 and all references to the applying element refer to
clutch 76 with respect to a 1-2 upshiit. Although the following
strategy and associated equations refer to a 1-2 upshait, it
should be understood that analogous calculations can be
applied to other upshifts such as 2-3 and/or 3-4 upshaits.

Referring now to FIG. 4, the torque phase begins when the
torque (1dentified by 86) of the applying element 76 begins to
increase. At the beginning of an upshiit, the applying element
76 begins to fill with o1l, which increases the torque 86 of the
applying element 76. The releasing element 78 1s vented,
which makes the capacity of the releasing element 78 (iden-
tified by 88) quickly fall. As the torque of the applying ele-
ment 76 increases, the torque of the releasing element 78
(1dentified by 90) begins to decrease from a value necessary to
hold the transmission 60 in 1** gear.
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Ideally, both the capacity 88 and torque 90 of the releasing
clement 78 decrease to zero by the end of the torque phase.
However, as shown 1n FI1G. 4, the capacity 88 of the releasing
clement 78 may decrease below the torque 90 of the releasing
clement 78. In this case bump-along occurs, which causes the
turbine speed 94 to increase and the releasing element 78 1s
temporarily reapplied until the turbine speed 94 returns to an
initial gear value. The output torque of the transmission 60
(identified by 92) also drops due to less leverage of the 27
gear ratio during the torque phase until the turbine speed 94
starts to drop as the applying element 76 begins to pick up all
of the load.

When the torque 86 of the applying element 76 increases
beyond a certain value, the applying element 76 begins to take
on the load of the transmission 60. Ideally, this 1s timed so that
the upshiit 1s not detected by the driver by way of uncomfort-
able delays or jerks. When the applying element 76 takes on
the transmission load, the speed of the turbine (identified by
94) drops and the output torque 92 of the transmission 60
increases because of the inertia force from all of the moving
elements from the 1°* gear ratio to the 2”¢ gear ratio. This
marks the end of the torque phase and the beginning of the
inertia phase. The output torque 92 increases until the torque
86 of the applying element 76 1s suificient to maintain a
constant predefined turbine acceleration 94. Eventually, the
turbine speed 94 reaches the 2”"¢ gear ratio, which marks the
end of the nertia phase as well as the entire shift event. The
input torque of the transmission 60 (1dentified by 96) remains
constant during the upshift in the system 1llustrated in FIG. 4.
However, the input torque 96 may fluctuate during upshiits in
other systems.

Based on the dynamic model discussed above and the
speed relation between gears, the required torque of an apply-
ing element 76 during the torque phase of an upshiit 1s com-
puted. For example, the required torque T,, for applying
clement 76 during a 1-2 upshitti1s T,,=C, T -C, T, ,—[C;(I1+
[.,)+C,I ]a. . In the formula T, 1s the output torque of the
turbine, T, 5 1s the torque of releasing element 78 while hold-
ing the transmission 60 in 1°° gear, «_ is the output shaft
acceleration, and C,-C, are constants.

However, torque 1s not the actual control actuator 1n the
transmission control system 22 of the present invention. The
duty cycle of the solenoid 54 1s the control force that changes
the torque of a clutch 76. Therelore, the relationship between
the tlow rate produced by the duty cycle of the solenoid 54 and
the torque of the applying element 76 1s examined.

First, there 1s a relationship between accumulator volume
V and applying element pressure. The calculated applying
element pressure 1s

Va - Vamjn
A2

f

+ PyvIN,

P24-:1= a

where K  1s the accumulator spring coefficient, V__ . 1s the
minimum accumulator volume, A  1s the accumulator piston
area, and P, ., 1s the pre-loaded accumulator pressure.
Based on the applying element pressure, the required
torque T,, for the applying element 76 1s computed. The
applying element torque 1s T,,=P,, A uR_.n,  where A 1s
the friction material area, p.1s the coefficient of friction, R +1s
the effective radial of the clutch plate, and n,_.1s the number of
friction surfaces. For example, the effective radial of the
clutch plate may be based on an iside and/or outside radius
of the clutch plate. During an upshiit, the control module 28
tracks the total volume of the applying element 76. The total
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clutchvolumeis V,,=V 5, +V 54, Where V , , 1s the fill volume
of the applying element 76 and V _,, 1s the accumulator
instantancous volume. The fill volume of the applying ele-
ment 76 1s the volume of o1l present before the pressure of the
o1l begins to compress the spring of the accumulator 48. The
accumulator instantaneous volume 1s the volume of oil
beyond the fill volume required for the applying element 76 to
hold the transmission 60 in 2™ gear.

Substituting the relationships from the torque and pressure
equations into the equation for total applying element volume
produces an equation for the target volume V,, of the apply-
ing element 76 during a 1-2 upshift. The target volume 1s:

Voy =

Ai( 1 { C1 T, — CoTyg -
K P4ﬂApﬁfREﬁn4ﬂ [C?;(IT +15) + 04151]&'0

} — PM) + Viamin + V524

According to an exemplary embodiment of the present inven-
tion, the control module 28 computes a solenoid duty cycle
that produces a tlow rate of o1l capable of filling the applying
clement 76 to the target volume within a predetermined time
period.

Performing upshifts in a fixed time period improves the
stability of the transmission 60 and creates more predictable
results. However, simply fast-filling the applying element 76
to the target volume after the torque of the releasing element
78 drops produces unstable results. Therefore, 1n order to
guarantee a smooth torque handover between the releasing
and applying elements 78 and 76, respectively, the duty cycle
ol the solenoid 54 1s controlled so that the flow rate to the
applying element 76 1s variable and exponentially decreases
until the target volume 1s reached. In an exemplary embodi-
ment, the flow rate to the applying element 76 1s

The continuously variable tlow rate Q,, can be interpreted
as mcluding two separate terms. The first term represents a
speed-based 1mitial acceleration. Depending on different 1ni1-
tial and targeted speeds, the first term 1s capable of generating,
different 1nitial accelerations. The second part represents a
continuous acceleration change rate, which provides a prede-
termined time from 1nitial to targeted gear speeds as well as a
smooth acceleration rate. Since the desired acceleration 1s
directly associated with clutch control torque, a very small
and gradual change in acceleration may be interpreted as
quasi-steady-state. In effect, this improves the quality and
control ability of the feedback 1n the control system 22.

The continuously variable tlow rate Q,, originates from an
exponential decay rate

f

Oy =A e 2,

Tl

where T, 1s the desired duration of the torque phase and T, 1s
the decay rate of the tlow rate as the target volume 1s achieved.
As discussed above, the torque phase continues from the time
when the applying element 76 1s at a minimum torque to the
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time when the applying element 76 completely takes over the
load. For example, the turbine speed changes and reflects the
new gear when the applying element 76 takes over the load.

From the start to the finish of the torque phase, the volume
of the applying element 76 meets the condition

7|
Voy — Vioq = f Qosdr
0

1 Vo4 -V _ i
:f 4 Y24 24 5 g
0

71

Vou =V 2
24 ;“241’2[1_E Tz].
71

= A

In other words, the difference between the target volume and
the fill volume 1s equal to the integral of the tflow rate to the
applying element 76 for the duration of the torque phase.
From the equation, the constant A 1s expressed as

The control module 28 tracks the target volume V,, during,
every normal upshift and compares 1t to a previously stored
target volume value associated with the same position of the
throttle blade 40 and/or turbine output torque. For example,
turbine output torque and transmission input torque accord-
ing to the present imnvention are analogous and may optionally
be utilized 1nstead of throttle position for transmission con-
trol. Therefore, different target volume values are stored for
different positions of the throttle blade 40 during upshiits.
When the difference between a current target volume and a
previously stored target volume at the same throttle position
THR 1s greater than a predetermined value, the control mod-
ule 28 updates the target volume value. For example, the
control module 28 may add or subtract a percent of the dii-
ference between the current and previously stored target vol-
ume values.

Additionally, the control module 28 monitors the duration
of the torque phase to determine whether the torque phase
exceeds a predetermined and fixed amount of time. For
example, the fixed amount of time may be 0.5 seconds and
may also apply to all shifts. If the time from the beginning of
a shift until the beginning of the inertia phase 1s longer or
shorter than the fixed amount of time by a predetermined
value, the control module 28 fine tunes a previously stored
target volume value. For example, the control module 28 may
increase or decrease the stored target volume value by a
percent of the difference between a current torque phase
duration and the desired torque phase duration.

Referring now to FIG. 5 and using the above models, the
transmission control system 22 according to the present
invention performs transmission upshiit control according to
a Tast f1ll phase 102, a target volume based torque phase 104,
and an inertia phase 106. As above, the following strategy and
equations apply to a 1-2 upshift operation. However, analo-
gous calculations are applied to other upshiits. The torque of
the releasing element 78 while holding the transmission 60 in
19 gear is T, ,=C.T —[C (1,41, )+C, I ]Jo_. The control
module 28 continuously monitors the position of the throttle
blade 40 and/or a position of an accelerator pedal as well as
the output speed of the transmission 60 to detect when an
upshift to 27 gear is appropriate.




US 7,440,833 B2

9

Once the control module 28 determines that an upshiit 1s
necessary, the fast {ill phase 102 begins. During the fast fill
phase 102, the duty cycle of the solenoid 54 associated with
the applying element 76 1s set to a high duty cycle setting and
the applying element 76 rapidly begins to i1l with o1l (iden-
tified by a steep increase in volume 108). For example, the
high duty cycle setting (1dentified by 110) may be 100%.
Additionally, a clock begins to increment at the beginning of
the fast fill phase 102 to track the duration t, of the upshaift.
Initially, a duty cycle (identified by 112) of a solenoid asso-
ciated with the releasing element 78 1s also set to a high duty
cycle setting. The releasing element 78 1s released when the
value of the clock t 1s greater than a predetermined time t,.. In
an exemplary embodiment, the predetermined time t 1s equal
t, —t ,wheret =K (t —t_)-Cg. Although the time at which the
releasing element 78 1s released 1s fixed, the fixed time may
vary based on line pressure and/or fluid temperature 1n the
transmission 60 and may also vary for other clutches 70, 72,
74, and 76 1n the transmission 60.

The predetermined time to release the releasing element 78
may also be based on line pressure and/or tluid temperature in
the transmission 60. In the function, t,_ 1s the predetermined
duration of the fast fill phase 102, K _ 1s the learned time-to-
slip adjustment for the releasing element 78, t_1s a look-up
table value for the nominal observed release time from the
initial venting of the releasing element 78, and t_. 1s the
time-to-slip reduction for a change-minds shift.

The fast fill phase 102 ends and the target volume based
torque phase 104 begins when the term t.(or the time remain-
ing to nearly fill the applying element 76) 1s less than or equal
to zero. In an exemplary embodiment,

Vi -V
MO,

Iy = - CrKy,

where C,1s the time from the beginning of the target volume
based torque phase 104 to when the fill volume V. of the
applying element 76 1s reached and K,1s a duty cycle com-
pensation factor for a reduced fill rate.

Once the target volume based torque phase 104 begins, the
control module 28 adjusts the duty cycle 110 of the solenoid
54 so that the duty cycle 110 begins to exponentially decrease.
The duty cycle DC | 1s based on the exponentially decreasing
flow rate according to

Q24_Qr
MQG _er

DC. = 100

where

Vou + AV -V _
24 24 oy

(J2qa = —

Q.. 1s the releasing element 78 flow rate, Q_ 1s the applying
clement 76 flow rate, and M 1s a line pressure factor. For
example, the applying and releasing element flow rates Q
and Q , respectively, may be look-up table values based on a
current volume of the o1l. The term AV 1s added to ensure that
the flow rate of o1l to the applying element 76 1s always
greater than zero, even after the target volume 'V, 1s achueved.
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In an exemplary embodiment and as discussed above, the
initial target volume V,, 1s determined according to

Voy =

Ai( 1 { Ci1y = Colyr -
Ko \PacApps Kegiac | [Ca(Ir + Igp) + Cyly

o } — PM) + Vomin + Vi2s.

The target volume based torque phase 104 ends and the inertia
phase 106 begins when the torque of the applying element 76
causes a change 1n turbine speed N,. The control module 28
detects a change 1n turbine speed according to N,<N.-B,
where N. 1s the turbine speed during the target volume based
torque phase 104. In other words, the control module 28
detects when the turbine speed decreases by a predetermined
speed B.

Alternatively or additionally, the control module 28 detects
a change 1n turbine speed according to o, <k, ., Where 0. /1s
the filtered turbine acceleration, k, ,1s a predetermined factor,
and a,; 1s the desired upshift acceleration. In other words, the
control module 28 detects when the turbine acceleration
comes within a predetermined range of the desired turbine
acceleration.

At that time, the total volume 'V, 1s learned with respect to
the current position of the throttle blade 40 and/or the turbine
output torque. In an exemplary embodiment, the total volume
1s also learned with respect to the current input torque of the
transmission 60. The control module 28 also compares the
upshift time t, to the desired shift duration when the nertia
phase 106 begins, and any discrepancy may be used to update
the estimated fill volume V ., of the applying element 76.

During the mertia phase 106, the targeted volume control
for desired acceleration 1s expressed according to

ATy
At

AT
=, T; — [Colly + s2) + C3lcy + Cylgy |

Qg — &y
Ar

However, since the solenoid duty cycle 1s the actual control
force that changes the torque of a clutch, the relationship
between torque and flow rate 1s examined. The relationship
between accumulator pressure and tlow rate i1s expressed
according to

AV, AZ APy

Cpe = Ar :KG Ar

Then, the torque on clutch 1s determined according to
T.24:P24Appr?ﬁn2 4. All of ‘Fhe torque, pressure, and accelera-
tion relationships are substituted to determine the target vol-
ume control duty cycle flow rate according to

AT
C T; — | Collr + Is2) + C3lcy + Calsy ]

A2 {

Fpar — ﬂfr}
Ko Ko Nog A '

Opc = Y

Desired acceleration 1s a look-up table value based on the
output speed of the transmission 60, the anticipated position
of the throttle blade 40 and the targeted shiit gear.

Referring now to FIG. 6, a target volume algorithm begins
in step 118. In step 120, the control module 28 reads the
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current position THR of the throttle blade 40 and the output
speed N _ of the transmission 60 and initializes a clock to zero.
In step 122, control determines whether an upshiit operation
1s required. If false, control returns to step 120. If true, the

12

Solving for the current fill volume, the equation becomes:
V=V~C\(THR,)

The slope, C,, 1s predetermined based on the spring rate of

control module 28 starts the clock in step 124. Step 124 3 the spring 12 within the accumulator 10 and/or other factors.

proceeds to both steps 126 and 128, and steps 126 and 128 are

executed simultaneously and 1n a parallel format. In step 128,
the control module 28 reads the current value of the clock. In

step 130, control determines whether the value of the clock 1s
greater than or equal to the predetermined venting time t,. If
false, control returns to step 128.

If true, the control module 28 vents the releasing element
78 1n step 132. In step 134, control determines whether the
current turbine speed 1s lower than the 1nitial turbine speed. If
true, control proceeds to step 136. I false, control determines
whether the current turbine speed 1s greater than the initial
turbine speed 1n step 138. I false, control returns to step 134.
If true, the control module 28 reapplies the release element 78
in step 140. In step 142, control determines whether the
current turbine speed 1s less than or equal to the initial turbine
speed. I false, control loops to step 142. IT true, control
returns to step 132.

In step 126, the control module 28 reads the current value
of the clock. In step 144, the control module 28 computes the
current time left to nearly fill the applying element 76 t. In
step 146, control determines whether the current value of the
clock 1s greater than or equal to (t,~t/). If false, control returns
to step 126. If true, the control module beings to fast fill the
applying element 76 1n step 148. In step 1350, the control
module 28 computes the current time left to nearly fill the
applying element 76 t. In step 152, control determines
whether t.1s less than or equal to zero. It false, control returns
to step 150. I true, the control module 28 adjusts the solenoid
54 duty cycle so that the duty cycle exponentially decays 1n
step 154. In step 156, control determines whether the turbine
speed 1s less than the 1mitial gear speed.

If false, control loops to step 156. If true, the control mod-
ule 28 initiates the 1nertia phase 106 1n step 136. The control
module 28 also optionally adjusts a previously stored total
volume associated with the current input torque of the trans-
mission 60 or the current position of the throttle blade 40 THR
when the difference between the current and previous values
1s greater than a predetermined value. In step 158, control
determines whether the current turbine speed 1s equal to the
target turbine speed. If false, control loops to step 158. If true,
control ends.

The above-described means for detecting the target volume
within the fluid system can be used in part to detect a fill
volume V.ot an accumulator 10. For instance, FIG. 7 1s a
graph showing the throttle position on the X-axis and the
volume of fluid within the clutch on the Y-axis. In the embodi-
ment shown, data points 160, 162, 164, 166, 168 cach repre-
sent different target volumes of an accumulator detected at
different throttle positions. The control module 28 detects
these target volume data points 160, 162, 164, 166, 168 1n the
manner described above. The control module 28 extrapolates

a current fill volume, V, from at least one of the detected
target volume data points 160, 162, 164, 166, 168.

More specifically, in the embodiment represented 1n FIG.
7, the control module 28 extrapolates the current fill volume
V,with a linear tunction relating the fill volume, V, the
detected target volume, V ,, a predetermined slope, C,, and the
throttle position, THR,. The linear function for the embodi-
ment shown in FIG. 7 1s expressed as:

V,=C\(THR )+V;

10

15

20

25

30

35

40

45

50

55

60

65

Thus, once the target volume, V, for a known throttle posi-
tion, THR , the control module 28 1s able to calculate the
current fill volume V .. It will be appreciated, however, that the
control module 28 could extrapolate the current fill volume
from the target volume 1n any suitable manner without depart-
ing from the scope of the present disclosure.

In one embodiment, when the difference between the cur-
rent fill volume, V, and a previously stored fill volume 1s
greater than a predetermined value, the control module 28
updates the {11l volume. For example, the control module 28
adds or subtracts a percentage of the difference between the
current and previously stored fill volume values. Accordingly,
the control module 28 can more accurately control the trans-
mission because the fill volume used by 1ts control logic 1s
more likely to be accurate and up to date.

Furthermore, 1n one embodiment, the control module 28
only extrapolates the current fill volume during a shift at
which the throttle position is less than a predetermined value.
Accordingly, the current fill volume can be detected more
accurately at these lower throttle positions.

It will be appreciated that the control module 28 could
extrapolate the current fill volume based on the transmission
input torque, rather than the throttle position in the same
manner described above. More specifically, the control mod-
ule 28 can extrapolate the current fill volume V with a linear
tunction relating the fill volume, V ; the detected target vol-
ume, V,, a predetermined slope, C, and the transmission input
torque, IT,. This function 1s expressed as:

V=V~CUTI,)

Thus, once the target volume, V,, for a known transmission
input torque, IT,, the control module 28 1s able to calculate the
current fill volume 'V .. In one embodiment, the control module
28 only extrapolates the current fill volume, V , during a shitt
at which the transmission input torque, IT,, 1s less than a
predetermined value for more accurate detection of the cur-
rent fill volume, V .

In one embodiment, fill volumes are detected 1n this man-
ner for less than all of the gears within a transmission. For the
other gear(s), the 1ill volume 1s detected only during a down-
shift. For instance, 1in the embodiment of FIG. 3, clutch 78
acts as the applying clutch during a downshiit from a higher
gear to a lower gear (e.g., from second gear to first gear).
Thus, for clutch 78, the control module 28 detects a fill vol-
ume for the clutch 78 during downshiit only.

More specifically, adownshiit 1s represented graphically in
FIG. 8. Line 170 represents the turbine speed, N, and line 172
represents the acceleration of the turbine, o, Also, dashed
line 174, N, represents the turbine speed for achieving the
gear ratio of the lower gear. As shown by line 170, before the
downshift occurs, the turbine speed, N, increases and even-
tually exceeds the turbine speed, N.. Then, at point 176 (rep-
resented on both lines 170 and 172), the turbine speed, N,
begins to exhibit a negative rate of change (i.e., the turbine
decelerates). At point 176, clutch 78 begins to produce torque
for achieving the downshift. Thus, at point 176, the control
module 28 detects the volume 1n the accumulator 10, and this
detected volume represents a close approximation of the fill
volume for clutch 78. In one embodiment, the control module
28 includes a predetermined offset for adjusting the detected
volume to account for any difference between the detected
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volume and the actual fill volume for the clutch 78. If the
difference between this adjusted fill volume and the previ-
ously stored 11ll volume exceeds a predetermined amount, the
previously stored value can be updated as described above.
Accordingly, the fill volume of clutch 78 can also remain
more accurate.

Referring now to FIG. 9, a method 178 of detecting the
current fill volumes described above 1s i1llustrated. In one
embodiment, the method 178 1s used for transmissions that
include PWM solenoids and/or transmissions that use sole-
noids to directly control the respective clutches.

The method 178 begins in step 180, 1n which the throttle
position and the vehicle speed are detected. The method 178
continues 1n decision block 182, in which 1t 1s determined
whether a gear shiit 1s required. If a gear shiit 1s not required,
the method 178 returns to step 180. If a gear shiit 1s required,
the method 178 continues to decision block 184.

In decision block 184, 1t 1s determined whether an upshiit
1s necessary. If an upshiit 1s necessary, the method 78 contin-
ues to decision block 186, 1n which it 1s determined whether
a low throttle condition exists. As mentioned above, the con-
trol module 28 can detect 1ill volumes more accurately at low
throttle positions. Thus, as shown 1n FIG. 9, 1f a low throttle
condition does not exist, the method 178 ends. However, 1f a
low throttle condition does exist, the method 178 moves to

step 188.

In step 188, the control module 28 begins to vent the o1l
from the release element. Subsequently, 1n step 190, the con-
trol module 28 tracks the volume of fluid within the applying
clement, and the target volume, V , 1s detected as described
above.

Next, 1 step 192, the control module 28 extrapolates the
current fill volume V . from the detected target volume, V, as
described above. Finally, 1n step 194, the control module 28
updates the stored fill volume. As mentioned, 1n one embodi-
ment, the stored fill volume 1s updated only when the differ-
ence between the stored fill volume and the current fill vol-
ume exceeds a predetermined value.

Referring back to decision block 184, it a downshiit
occurs, the method 178 moves to decision block 196. In
decision block 196, 1t 1s determined whether 1t 1s time to begin
filling the applying clutch (e.g., clutch 78 from FIG. 3). In one
embodiment, the decision block 196 occurs according to the
disclosure of U.S. Pat. No. 6,978,201, which 1ssued on Dec.
20, 2005, and which 1s mncorporated herein by reference. I 1t
1s not tume to 111l the applying clutch, decision block 196 loops
back on itself. When 1t 1s time to begin filling the applying
clutch, the method 178 continues to step 198, in which the
control module 28 tracks the volume of the applying clutch.
Then, 1in decision block 200, 1t 1s determined whether the
turbine shows a negative acceleration. If not, then decision
block 200 loops back on 1tself. If a negative acceleration 1s
detected, then the method 178 moves to step 202 and detects
the volume 1n the applying clutch (1.e., a close approximation
of the fill volume, V , of the applying clutch). As stated above,
the control module 28 can include a predetermined offset to
adjust the detected volume for a more accurate fill volume of
the applying clutch. Then, the method 178 moves to step 194,
in which the stored fill volume 1s updated.

In sum, the present disclosure reveals a means for main-
taining accurate fill volumes for the clutches 1 a transmis-
sion. This allows the transmission to maintain smooth gear
shifting over the life of the vehicle.

The above discussion 1s merely exemplary 1n nature and,
thus, variations that do not depart from the gist of the disclo-
sure are mntended to be within the scope of the disclosure.
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Such variations are not to be regarded as a departure from the
spirit and scope of the disclosure.

What 1s claimed 1s:

1. A transmission control system for a transmission includ-
ing a first gear engagement element that receives a fluid and
engages a first gear 1n response to pressure from the flud, the
system comprising:

an electromagnetic actuator that receives a control signal

and that selectively interrupts tlow of the fluid to the first
gear engagement element based on a value of the control
signal; and

a control module that generates the control signal and that

adjusts the value of the control signal so that the first gear
engagement element produces a first torque suilicient to
hold the first gear, wherein the control module detects a
target volume of the fluid when the first gear engagement
clement produces the first torque, and wherein the con-
trol module extrapolates a current fill volume of the first
gear engagement element from the target volume, the
current fill volume being a volume at which the first gear
engagement element begins to produce torque during a
shiit.

2. The transmission control system of claim 1, wherein the
control module adjusts a value of a previously stored fill
volume for subsequent transmission control when a differ-
ence between the current fill volume and the previously stored
{111 volume 1s greater than a predetermined value.

3. The transmission control system of claim 1, wherein the
control module only extrapolates the current fill volume dur-
ing a shift at which at least one of a position of a throttle blade
1s less than a predetermined value and a transmission 1mput
torque 1s less than a predetermined value.

4. The transmission control system of claim 1, wherein the
transmission includes a second gear engagement element that
includes a first volume of fluid before a shift 1s initiated, and
wherein, after imtiating the shift, the control module begins to
evacuate the first volume of fluid from the second gear
engagement element before computing the target volume.

5. The transmission control system of claim 1, wherein the
control module extrapolates the current fill volume with at
least one linear function relating the fill volume, the target
volume, a predetermined slope, and at least one of a throttle
position and a transmission input torque, the at least one
linear function chosen from a group consisting of:

Fill Volume=Target Volume-Slope( Throttle Position);
and

Fill Volume=Target Volume-Slope(Transmission
Input torque).

6. The transmission control system of claim 1, wherein the
transmission includes a second gear engagement element that
receives the fluid and engages a second gear, and wherein the
control module detects a fill volume of the second gear
engagement element by detecting a current volume of the
fluid recerved by the second gear engagement element when
the second gear engagement element begins to produce
torque during a shaift.

7. The transmission control system of claim 6, wherein the
second gear engagement element begins to produce torque
when a turbine speed begins to exhibit a negative rate of
change during the shiit.

8. The transmission control system of claim 6, wherein the
transmission 1S an automatic transmission of a vehicle,
wherein the first gear engagement element 1s an applying
clutch that 1s applied during an upshift from a lower gear to a
higher gear, and wherein the second gear engagement ele-
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ment 1s an applying clutch that 1s applied during a downshift
from a higher gear to a lower gear.

9. The transmission control system of claim 1, wherein the
transmission includes a second gear engagement element that
receives fluid and engages a second gear during a downshiit
and wherein the control module detects a fill volume of the
second gear engagement element only during the downshitit.

10. A transmission control system for a transmission
including first and second gear engagement elements that
receive fluid and engage first and second gears, respectively,
in response to pressure from the fluid, the transmission con-
trol system comprising:

an electromagnetic actuator that receives a control signal

and that selectively interrupts tlow of the fluid to the first
gear engagement element based on a value of the control
signal; and

a control module that generates the control signal and that

adjusts the value of the control signal so that the first gear
engagement element produces a first torque suilicient to
hold the first gear during an upshait;
wherein the control module detects a target volume of the
fluid when the first gear engagement element produces
the first torque, and wherein the control module extrapo-
lates a current fill volume of the first gear engagement
clement from the target volume, the current fill volume
being a volume at which the first gear engagement ele-
ment begins to produce torque during a shift;
wherein the control module detects a current fill volume of
the second gear engagement element by detecting a cur-
rent volume of the fluid recerved by the second gear
engagement element when the second gear engagement
clement begins to produce torque during a downshiit;
and
wherein the control module only extrapolates the current
{11l volume of the first gear engagement when at least one
ol a position of a throttle blade 1s less than a predeter-
mined value and a transmission input torque is less than
a predetermined value.
11. The transmission control system of claim 10, wherein
the control module adjusts a value of a previously stored {ill
volume for at least one of the first and second gear engage-
ment elements for subsequent transmission control when a
difference between the current fill volume and the previously
stored fill volume for the at least one of the first and second
gear engagement elements 1s greater than a predetermined
value.
12. A method for operating a transmission control system
for a transmission icluding a first gear engagement element
that recerves tluid and engages a first gear 1n response to
pressure from the fluid, the method comprising the steps of:
selectively interrupting tflow of the fluid to the first gear
engagement element based on a value of a control signal;

adjusting the value of the control signal so that the first gear
engagement element produces a first torque suilicient to
hold the first gear;

detecting a target volume of the fluid when the first gear

engagement element produces the first torque; and
extrapolating a current fill volume of the first gear engage-
ment element from the target volume, the current fill
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volume being a volume at which the first gear engage-
ment element begins to produce torque during a shiit.

13. The method of claim 12, further comprising the step of
adjusting a value of a previously stored {ill volume for sub-
sequent transmission control when a difference between the
current fill volume and the previously stored fill volume 1s
greater than a predetermined value.

14. The method of claim 12, further comprising only
extrapolating the current fill volume during a shift when at
least one of a position of a throttle blade is less than a prede-
termined value and a transmission input torque 1s less than a
predetermined speed.

15. The method of claim 12, further comprising the steps
of:

providing a second gear engagement element that includes

a first volume of fluid before a shift 1s initiated;
imitiating the shaft; and

beginning to evacuate the first volume of fluid from the

second gear engagement element before detecting the
target volume.

16. The method of claim 12, wherein the step of extrapo-
lating a current fill volume comprises extrapolating the cur-
rent {ill volume with at least one linear function relating the
f111 volume, the target volume, a predetermined slope, and at
least one of a throttle position and a transmission input torque,
the at least one linear function chosen from a group consisting

of:

Fill Volume=Target Volume-Slope(Throttle Position);
and

Fill Volume=Target Volume-Slope(Transmission
Input Torque).

17. The method of claim 12, further comprising the steps
of:

providing a second gear engagement element that receives

the flmd and engages a second gear; and

computing a fill volume of the second gear engagement

clement by computing a current volume of the fluid
received by the second gear engagement element when
the second gear engagement element begins to produce
torque during a shift.

18. The method of claim 17, wherein the second gear
engagement element begins to produce torque when a turbine
speed begins to exhibit a negative rate of change during the
shiit.

19. The method of claim 17, wherein the transmission 1s an
automatic transmission of a vehicle, the first gear engagement
clement 1s an applying clutch that 1s applied during an upshait
from a lower gear to a higher gear, and the second gear
engagement element 1s an applying clutch that 1s applied
during a downshift from a higher gear to a lower gear.

20. The method of claim 12, further comprising the steps
of:

providing a second gear engagement element that receives

fluid and engages a second gear during both an upshiit
and a downshift; and

detecting a fill volume of the second gear engagement

clement only during the downshatt.
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